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In plants, the activation of immunity is often inversely
correlated with growth. Mechanisms that control
plant growth in the context of pathogen challenge
and immunity are unclear. Investigating Arabidopsis
infection with the powdery mildew fungus, we find
that the Arabidopsis atypical E2F DEL1, a transcrip-
tional repressor known to promote cell proliferation,
represses accumulation of the hormone salicylic
acid (SA), an established regulator of plant immunity.
DEL1-deficient plants are more resistant to patho-
gens and slightly smaller than wild-type. The resis-
tance and size phenotypes of DEL1-deficient plants
are due to the induction of SA and activation of
immunity in the absence of pathogen challenge.
Moreover, Enhanced Disease Susceptibility 5
(EDS5), a SA transporter required for elevated SA
and immunity, is a direct repressed target of DEL1.
Together, these findings indicate that DEL1 control
of SA levels contributes to regulating the balance be-
tween growth and immunity in developing leaves.
INTRODUCTION
E2F and MYB3R transcription factors are evolutionarily
conserved proteins that act in concert to regulate the eukaryotic
cell cycle (Berckmans and De Veylder, 2009). Classical E2F
transcription factors contain one E2F DNA binding domain and
require a dimerization partner (DP) with a DNA binding domain
for high-affinity binding to the E2F cis-acting regulatory element.
The atypical E2Fs contain two DNA binding domains, negating
the need for a DP (Lammens et al., 2009). Atypical E2Fs can
compete with classical activating E2F-DPs to preferentially
repress the expression of subsets of genes. Of particular inter-
est, both mammalian and plant atypical E2Fs have been shown
to play crucial roles in endocycle control (Lammens et al., 2009).
The endocycle is a variant of the cell cycle in which replication
occurs without mitosis, resulting in a doubling of cellular DNA
ploidy with each endocycle round.
Endoreduplication occurs as a part of development in cells of
tissue that supports high metabolic activity (Nagl, 1976; Lee
et al., 2009). In plants, endoploidy is a common component of506 Cell Host & Microbe 15, 506–513, April 9, 2014 ª2014 Elsevier Indevelopment used to support cell growth in a variety of tissue,
with endoreduplication preceding cell expansion and/or differ-
entiation. Endoreduplication can also be induced by certain
stressors, such as genotoxic stress, to reduce sensitivity to
deleterious mutations and support growth under those condi-
tions. In addition, symbiotic and pathogenic biotrophs that
establish a sustained site of nutrient acquisition can induce local-
ized host endoreduplication that appears to fuel the growth and
reproduction of the biotroph (Wildermuth, 2010).
While mammalian atypical E2Fs, E2F7 and E2F8, maintain
endocycle progression during development by preventing
mitosis (Chen et al., 2012), the Arabidopsis thaliana atypical
DP-E2F-like 1 (DEL1) protein promotes proliferation by repres-
sing genes required for endoreduplication onset, such as the
anaphase-promoting complex/cyclosome (APC/C) activator
CCS52A2, a homolog of mammalian CDH1 (Vlieghe et al.,
2005; Lammens et al., 2008). In addition, DEL1 can restrain the
stress-induced switch from mitosis to the endocycle in dividing
cells exposed to UV-B (Radziejwoski et al., 2011) or osmotic
stress (Cookson et al., 2006) and repress expression of genes
involved in DNA damage repair (Radziejwoski et al., 2011). By
contrast, E2F7 and E2F8 are reported to promote DNA damage
repair (Carvajal et al., 2012; Zalmas et al., 2008).
We previously showed that the obligate biotrophic powdery
mildew fungus Golovinomyces orontii induces endoreduplica-
tion in A. thaliana leaf mesophyll cells directly underlying the
fungal feeding structure at 5 days postinoculation (dpi) (Chan-
dran et al., 2010, 2013). This promotes the sustained growth
and reproduction of the fungus, presumably by increasing
nutrient availability (Wildermuth, 2010). Furthermore, (induced)
host mesophyll ploidy acts as a powdery mildew susceptibility
determinant (Chandran et al., 2013) in contrast to known
powdery mildew resistance determinants such as defense
responses controlled by the hormone salicylic acid (SA) (e.g.,
Chandran et al., 2009; Wildermuth et al., 2001).
SA is induced in response to microbe-associated molecular
patterns and (hemi-)biotrophic pathogens including G. orontii
and Pseudomonas syringae pv. maculicola (Pma) (Dempsey
et al., 2011; Spoel and Dong 2012). In A. thaliana, induced SA
is synthesized in the plastid via isochorismate synthase 1
(ICS1) (Wildermuth et al., 2001) and exported to the cytosol by
the MATE transporter enhanced disease susceptibility 5
(EDS5) (Nawrath et al., 2002; Serrano et al., 2013). When suffi-
cient SA accumulates in the cytosol, it can be converted to SA
glucosides (SAG), which are readily hydrolyzed back to SA;
elevated total SA (free SA plus SAG) has been correlated withc.
Figure 1. Misexpression ofDEL1 Results in Altered Powdery Mildew
Growth and Reproduction on A. thaliana
(A and B) Visible G. orontii growth and reproduction is reduced on leaves of
del1-1 and enhanced on DEL1OE compared to WT Col-0 at 11 dpi. Bar =
0.5 cm.
(C) Number of plants with disease rating at 11 dpi uses the following scoring
system: 0, no visible symptoms of infection; 1, isolated spots; 2, 20%
coverage of infected leaves; 3,50% coverage; 4, 100% coverage. n = 31 per
genotype; p values from two-sided Fisher’s exact test.
(D) Conidiophores (cp) per initial germinated conidium (C) in WT, del1-1, and
DEL1OE visualized by trypan blue staining at 5 dpi.
(E) Number of cp per colony on WT, del1-1, and DEL1OE at 5 dpi. Data are
mean ± SD ofR 90 colonies per genotype; p values fromStudent’s t test. Each
experiment was repeated at least three times with similar results.
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resistance (in Dempsey et al., 2011).
Herein, we find that misexpression of DEL1 has a dramatic
impact on G. orontii growth and reproduction. However, this
impact is not due to altered ploidy levels as anticipated. Instead,
it results from the repression of basal SA-dependent immune
responses by DEL1. del1-1 knockout plants are smaller, have
elevated basal SA and SA-dependent defense gene expression,
and are more resistant to pathogens; these phenotypes are
dependent on SA. Furthermore, we determine EDS5, which
encodes a SA transporter required for robust SA accumulation,
to be a direct target of DEL1. EDS5 expression increases as
DEL1 expression is reduced, both during leaf development and
in the del1-1 knockout, consistent with DEL1 repression of SACellsynthesis and defense during leaf development. Although it
has long been known that there is a fitness cost (i.e., reduced
growth) associated with SA-controlled plant immunity, knowl-
edge of the mechanisms underlying this tradeoff is limited
(Rivas-San Vicente and Plasencia, 2011). Our study suggests
that DEL1 functions as a negative regulator of SA and defense
in growing tissue and places DEL1, via the hormone SA, at the
intersection of plant growth and immunity.
RESULTS
DEL1 Impacts Powdery Mildew Growth and
Reproduction on A. thaliana
Misexpression of DEL1 resulted in visibly altered G. orontii
growth on mature, fully expanded leaves of A. thaliana plants
infected at 4 weeks (Figures 1A and 1B). del1-1 knockout plants
were more resistant to G. orontii, with powdery mildew in iso-
lated spots and/or covering % 20% of the leaf area compared
to wild-type (WT) plants in which assessed leaves exhibited
coverage of 20%–50% (Figure 1C). Conversely, a DEL1 over-
expression line (DEL1OE) was more susceptible to G. orontii,
with average leaf coverage of 50%. Consistent with the visual
scoring, the number of asexual reproductive structures, known
as conidiophores, per germinated conidium was significantly
lower in del1-1 compared with WT, while DEL1OE supported
more conidiophores per colony than WT (Figures 1D and 1E).
del1-1 Knockout Plants Are Slightly Smaller Than Wild-
Type
As shown in Figures 1A and 1B, del1-1 rosette and leaf size
appeared to be slightly smaller than WT. Measurements of
average rosette diameter for del1-1 versus WT confirmed this
to be statistically significant, with del1-1 rosette diameter on
average 82% of WT (p% 0.001), while DEL1OE rosette diameter
was not reproducibly different from WT (n R 18 per genotype,
average of 3 experiments).
Impact of DEL1Misexpression on G. orontii Growth and
Reproduction Is Not Due to Altered Cell Ploidy or Cell
Death
As leaves develop and expand, individual cells in a leaf exhibit a
range of ploidy (e.g., Melaragno et al., 1993). At 4 weeks, we
observed WT basal mesophyll leaf ploidy to range from 8 to
64C, with a mean of 16C (Figure S1A). In response to
G. orontii, ploidy in mesophyll cells underlying the infection site
at 5 dpi shifted upward, to a mean of 64C, similar to previous
results (Chandran et al., 2010, 2013). Basal mesophyll ploidy
distribution in leaves of uninfected del1-1 plants was similar to
WT, as was the G. orontii-induced shift in ploidy (Figure S1A).
In all cases, cell DNA ploidy correlated with nuclear size (Fig-
ure S1C). The ploidy index, a single value that integrates the
ploidy distribution information, was similar for WT and del1-1 un-
infected and infected mesophyll cells, with a statistically signifi-
cant G. orontii-induced shift in mesophyll cell ploidy underlying
the fungal feeding structure (Figure S1B). By contrast, basal
mesophyll ploidy was elevated in DEL1OE compared to WT,
but the G. orontii-induced shift to higher ploidy levels did not
occur. Because the basal mesophyll ploidy index of DEL1OE
was significantly higher than that of WT, the induced mesophyllHost & Microbe 15, 506–513, April 9, 2014 ª2014 Elsevier Inc. 507
Table 1. Microarray Analysis of del1-1 versus Wild-Type Indicates Upregulation of Plant Defense Responses Including Genes
Required for SA Synthesis and Accumulation in the Absence of Pathogen Challenge
MIPS Functional Process Category
No. of Genes in
Each Category
No. of Genes in Each
Category on ATH1 Array P Value
Cell rescue, defense, and virulence 42 1176 9.53 3 1011
Stress response 22 714 3.67 3 105
Disease, virulence, and defense 17 348 1.03 3 106
Interaction with the environment 34 1296 7.56 3 106
Cellular sensing and response to external stimulus 34 1161 7.22 3 107
Response to biotic stimulus 11 202 3.38 3 105
Calcium binding 10 158 2.31 3 105
Genes Required for SA Synthesis and Accumulation
Locus ID Gene Name Description Function del1-1 versus WT Ratio
At1g74710 ICS1 Isochorismate synthase Total SA accumulation 4.4
At4g39030 EDS5 MATE transporter Total SA accumulation 6.1
At5g13320 PBS3 GH3 acyl-adenylate/thioester-forming enzyme Total SA accumulation 10.6
At2g14610 PR1 Pathogenesis-related protein SA-dependent defense 32.0
At1g75040 PR5 Pathogenesis-related protein SA-dependent defense 18.6
Arabidopsis Munich Information Center for Protein Sequences functional process categories impacted in uninfected del1-1 versus WT Col-0 are
shown, with the number of genes in each category or subcategory (indicated with shading) compared with the total number of genes in each category
on the ATH1 array. Functional categories that met a p value cut-off of < 5.003 105, calculated using Fisher’s exact test, are shown. In the lower part of
the table: expression of genes required for SA synthesis and accumulation is constitutively upregulated in del1-1 versus WT.
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not statistically different from WT, despite the lack of induced
endoreduplication. Therefore, final induced mesophyll ploidy in
cells underlying the fungal feeding structure was not appreciably
different from WT for either del1-1 or DEL1OE (Figure S1B). This
indicated that altered induced mesophyll ploidy was not respon-
sible for the powdery mildew phenotypes.
Since enhanced resistance of A. thaliana mutants to powdery
mildews can be due to activated cell death responses (Micali
et al., 2008), and misexpression of mammalian atypical E2Fs
impacts apoptosis (Lammens et al., 2009), we examined
whether cell death is activated in del1-1 or DEL1OE leaves
compared to WT. Similar to WT, cell death was not observed
in epidermal or mesophyll cells of del1-1 or DEL1OE constitu-
tively or 5 dpi with G. orontii (Figure S1D).
Microarray Analysis of del1-1 Suggests Altered SA-
Associated Defense Responses Are Responsible for the
G. orontii Phenotypes of del1-1 and DEL1OE
To provide insight on process(es) contributing to the enhanced
resistance of del1-1 to G. orontii, we performed microarray
analysis of leaves from del1-1 and WT G. orontii-infected and
uninfected plants. Lack of DEL1 impacted basal (uninfected)
gene expression (436 genes), with a much reduced effect 5 dpi
withG. orontii (113 genes) (Table S3). Thirty-four genes exhibited
altered regulation in both data sets. More than 75% of these
genes exhibited enhanced expression in del1-1 compared to
WT, consistent with DEL1’s known function as a transcriptional
repressor. Moreover, the extent of enhanced expression was
more dramatic in the uninfected samples than in the infected
samples (Table S3), indicating basal expression, not induction,
to be most impacted.
Functional process analysis of genes with altered expression
in uninfected del1-1 versus WT did not show ‘‘Cell Cycle’’ or508 Cell Host & Microbe 15, 506–513, April 9, 2014 ª2014 Elsevier Inother related categories to be statistically enriched. Instead,
‘‘Cell Rescue, Defense, and Virulence’’ and ‘‘Interaction with
the Environment’’ categories were most enriched (Table 1,
upper), with these genes being in the upregulated gene set. No
process categories were statistically enriched in the down-
regulated gene set of uninfected del1-1 versusWT or in the total,
up-, or downregulated gene sets of G. orontii-infected del1-1
versus WT; this was likely due to the limited number of genes
in these data sets.
As shown in Table 1, the basal expression of genes involved
in defense/stress response was elevated in del1-1, including
those associated with SA accumulation and SA-dependent
defense responses (Table 1, lower). For example, the SA bio-
synthetic gene ICS1 exhibited constitutively elevated expression
in del1-1, as did the SA-dependent defense gene pathogenesis-
related protein 1 (PR-1).
Enhanced Resistance and Size Phenotypes of del1-1
Are SA Dependent
RT-qPCR analysis showed that basal expression of ICS1 and
PR-1 was elevated in del1-1 compared to WT, in agreement
with the microarray data (Figures 2A and 2B). Furthermore, total
SA accumulation (free SA plus SAG) was elevated in del1-1
compared to WT (Figures 2C and S2). By contrast, free SA alone
was not statistically different in del1-1 versus WT.
Parallel analysis of DEL1OE found an opposite pattern of
response, with basal ICS1 expression and total SA accumulation
reduced in DEL1OE compared to WT (Figure S2). PR-1 expres-
sion in DEL1OE was similar to WT, consistent with a lack of SA-
induced defense in WT and DEL1OE.
To determine whether elevated basal SA synthesis and
response is responsible for the enhanced resistance of del1-1
to G. orontii, a del1-ics1 double mutant was created. In the
double mutant, basal PR-1 expression was no longer elevatedc.
Figure 2. DEL1 Controls Basal Levels of SA
(A and B) ICS1 and PR-1 transcripts measured in leaves of WT, del1-1, ics1,
and del1-ics1 plants by RT-qPCR. All values were normalized to the UBQ5
housekeeping gene. Data are mean ± SD, n = 3.
(C) Free (gray) and total (black) SA accumulation in leaves of WT, del1-1, ics1,
and del1-ics1 plants. Data are mean ± SD, n = 3.
(D) Number of conidiophores (cp) per colony onWT, del1-1, ics1, and del1-ics1
leaves 5 days after G. orontii infection. Data are mean ± SD ofR 90 colonies
per genotype; p < 0.005. Letters indicate statistically significant differences
between genotypes; p < 0.05 unless specified. For all assays, independent
experiments gave similar results.
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Cell(Figure 2B), and total SA accumulation was significantly lower
than WT and similar to that of ics1 (Figure 2C). Moreover, del1-
ics1 was more susceptible to G. orontii than WT (Figure 2D),
similar to the ics1 mutant, indicating the enhanced resistance
of del1-1 to G. orontii is SA dependent.
Because enhanced basal SA can result in enhanced resis-
tance to a variety of (hemi-)biotrophic pathogens that includes
Pma, we examined Pma ES4326 bacterial growth in WT, del-1,
and del1-ics1 plant leaves. del1-1 plants were more resistant
to Pma, with 10-fold fewer colony-forming units/cm2 leaf area
than WT at 3 dpi (Figure S2D). Similar to our results with
G. orontii, the enhanced resistance of del1-1 to Pma was no
longer observed in the del1-ics1 double mutant (Figure S2D).
Instead, del1-ics1 double mutants exhibited enhanced bacterial
growth comparable to that routinely reported for ics1 (e.g., Dew-
dney et al., 2000).
In addition, the reduction in rosette size of del1-1 can be attrib-
uted to elevated basal total SA, as this phenotype was not
evident in the del1-ics1 double mutant (Table S1).
EDS5, which Encodes a Regulator of SA Biosynthesis, Is
a DEL1 Target
To ascertain the mechanism by which DEL1 controls basal SA
levels, we searched for E2F binding sites (WTTSSCSS; W =
A/T; S = C/G) using PLACE (Higo et al., 1999) in the 1 kbp
sequence upstream of the translational start site of genes known
to impact SA accumulation that also showed elevated expres-
sion in del1-1 compared to WT (Table 1, lower). Of these genes,
only the SA transporter EDS5 contains an E2F binding site
(AAACCGCG) in its promoter. The E2F site is located 55 bp
upstreamof the translational start site, in reverse orientation (Fig-
ure 3B). Like the SA biosynthetic mutant ics1, eds5 mutants
accumulate dramatically reduced levels of SA after pathogen
inoculation and exhibit enhanced susceptibility to virulent path-
ogens (Nawrath et al., 2002). Moreover, coexpression analysis
of curated Arabidopsis microarray data using ATTED-II (Obaya-
shi et al., 2009) showed expression of ICS1 and EDS5 to be
highly correlated across pathogen treatment data sets (r2 =
0.8). Therefore, we proposed EDS5 to be a direct target of DEL1.
To test our hypothesis, we performed chromatin immuno-
precipitation (ChIP) assays on WT and del1-1 leaves using a
DEL1-specific antibody (Lammens et al., 2008). Since DEL1 is
expressed in actively dividing cells, expanding leaves of WT
and del1-1 were used for the assay. ChIP DNA was screened
by qPCR with primers spanning the identified E2F binding site
for an enrichment of the EDS5 promoter in WT versus del1-1.
Primer pairs designed to amplify promoter regions of the PHR1
(AT1G12370) gene previously shown to be bound by DEL1
(Radziejwoski et al., 2011) were used as a positive control.
Similar to PHR1 (Figure S3), ChIP-qPCR with primers spanning
the predicted E2F binding site of EDS5 clearly resulted in an
enriched precipitation of the EDS5 promoter in WT versus
del1-1 samples (Figure 3C). Within the EDS5 promoter, enrich-
ment occurred at the E2F binding site, but not in a distal (control)
region (Figure 3D).
DEL1 is primarily expressed in dividing cells, with its expres-
sion decreasing as leaves age (Lammens et al., 2008; Radziej-
woski et al., 2011). If EDS5 is repressed by DEL1, its expression
should increase with leaf age. Analysis of published microarrayHost & Microbe 15, 506–513, April 9, 2014 ª2014 Elsevier Inc. 509
Figure 3. EDS5 Is a DEL1 Target
(A) EDS5 transcripts measured in leaves of WT and del1-1 plants by RT-qPCR.
All values were normalized to the housekeeping gene UBQ5. Data are mean ±
SD, n = 3; *p < 0.05 using Student’s t test.
(B) EDS5 promoter showing E2F binding site 55 bp upstream of translational
start site.
(C) ChIP analysis showing enriched binding of DEL1 to the EDS5 promoter in
WT compared to del1-1.
(D) qPCR of ChIP samples with primers spanning the predicted E2F binding
site of the EDS5 promoter compared with a distal region lacking the E2F
binding site. All values were normalized to the UBQ5 housekeeping gene.
(E) Relative change in DEL1 and EDS5 transcripts with leaf age. Transcripts for
the tenth (L10), eighth (L8), and fifth (L5) leaves of WT plants were determined
by RT-qPCR. Values were normalized to UBQ5 and are shown as percent of
highest value (set to 100). Data are mean ± SD, n = 3; letters indicate statis-
tically different values, p < 0.05. Bar = 1 cm. For all panels, independent ex-
periments gave similar results.
(F) Proposed role for DEL1 as a mediator of plant growth and defense via the
hormone salicylic acid. DEL1 controls basal SA levels in proliferating tissue
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510 Cell Host & Microbe 15, 506–513, April 9, 2014 ª2014 Elsevier Indata from an Arabidopsis leaf developmental series showed this
to be the case (Figure S3D). To confirm these results of others,
we examined leaf age-dependent expression of DEL1 and
EDS5 in 3-week-old WT plants. As expected, we found DEL1
expression was highest in leaf 10 (youngest leaf), with reduced
expression in older leaves (Figure 3E). EDS5 showed the oppo-
site pattern, with low expression in younger leaves and highest
expression in leaf 5, the oldest leaf (Figure 3E). Taken together,
our results indicate that DEL1 can bind to the EDS5 promoter
via the E2F binding site and repress its transcription. Because
EDS5, like ICS1, is required for SA accumulation, our data
suggest that DEL1 represses SA accumulation and associated
defense in growing tissue through repression of basal EDS5
gene expression (Figure 3F).
DISCUSSION
During plant development, cell proliferation is often followed
by endoreduplication associated with cell expansion and/or
differentiation. Reduced levels of the atypical E2F protein DEL1
are (in part) responsible for this transition, as DEL1 overexpres-
sion reduces leaf cell endoreduplication and expansion in
dividing cells, while leaves of del1-1 exhibit increased cell DNA
ploidy and size (Vlieghe et al., 2005). To our initial surprise, leaf
mesophyll cell ploidy was unaltered in del1-1 and leaf/rosette
size was smaller than WT. Furthermore, DEL1OE leaf mesophyll
cell ploidy was elevated, not reduced, with no statistically sig-
nificant impact on leaf/rosette size. DEL1 is normally expressed
in dividing cells, and initial studies focused on leaves or other
organs with actively dividing cells, often of the epidermis. By
contrast, our study was conducted on specific mesophyll cells
of unstressed, fully expanded leaves of mature 4-week-old
plants grown in environmentally controlled chambers. Therefore,
any alteration associated with an accelerated/delayed transition
frommitosis to the endocycle in dividing cells due to misexpres-
sion of DEL1 was probably minimized by our controlled growth
environment and/or compensated for during plant development
to maturation. Furthermore, although endoploidy correlates with
cell size in certain situations, altered cell/leaf size can also be
attributed to ploidy-independent processes such as cell wall
extensibility and/or turgor (in Cookson et al., 2006).
Since there was no difference in the G. orontii-induced
mesophyll ploidy index of WT, del1-1, and DEL1OE, the impact
of misexpression of DEL1 on powdery mildew growth and
reproduction could not be attributed to an effect on ploidy.
Furthermore, we determined that the enhanced resistance of
del1-1 was not due to activated cell death responses. Instead,
microarray analyses of del1-1 andWT plants showed the primary
transcriptional impact of del1-1 to be on basal defense gene
expression, which was upregulated and highly enriched in
del1-1 compared to WT. This included genes required for the
synthesis and accumulation of the plant defense hormone SA,
such as the SA biosynthetic gene ICS1 and the SA transporter
EDS5 as well as downstream defense genes regulated by SA
(e.g., PR-1).through the transcriptional repression of EDS5, which encodes a SA trans-
porter required for robust total SA accumulation. Limited basal SA accumu-
lation prevents activation of plant immunity and promotes growth.
c.
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compatible powdery mildews (Micali et al., 2008), acting as a
resistance determinant. When pathogen-induced SA accumula-
tion is severely limited, as it is in ics1, SA-dependent gene
expression is dramatically reduced and G. orontii growth and
reproduction is enhanced (Chandran et al., 2009; Wildermuth
et al., 2001). We found basal total SA accumulation and SA-
dependent gene expression were elevated in del1-1, which
was more resistant toG. orontii. Analysis of the del1-ics1 double
mutant showed the enhanced resistance of del1-1 to G. orontii
to be SA dependent, as elevated total SA, SA-dependent gene
expression, and enhanced resistance were no longer observed.
Instead the del1-ics1 double mutant phenocopied the ics1
mutant, which was more susceptible to G. orontii than WT,
with minimal total SA accumulation and PR-1 expression.
del1-1 also exhibited enhanced resistance to the virulent bacte-
rial pathogen Pma ES4326, similar to that observed for other
mutants with modestly elevated basal SA and no cell death
(e.g., cpr1 [Bowling et al., 1994]). Again, enhanced resistance
was SA dependent.
In our study, the slightly smaller size of del1-1 was also a
consequence of elevated basal SA as this phenotype was no
longer evident in the del1-ics1 double mutant. Mutants with
elevated basal total SA are typically smaller in size than WT
plants, with reduction in stature dependent on the level of SA.
For example, the smaller stature of cpr1-1 plants was attributed
tomoderately elevated basal total SA in the absence of cell death
(Jirage et al., 2001; Bowling et al., 1994). Furthermore, trans-
genic A. thaliana plants that constitutively express bacterial SA
synthesis genes exhibit a range in elevated basal total SA and
growth reduction (Mauch et al., 2001). By contrast, when robust
SA accumulation is prevented, plants are often larger, with the
impact dependent on growth conditions and stress exposure
(Rivas-San Vicente and Plasencia, 2011). Allocation of plant
resources to SA-mediated defense redirects resources from
growth and reproduction (e.g., Heidel et al., 2004). Therefore,
fine control of these processes in a developmental context is
critical. Our results suggest DEL1 acts via the hormone SA to
restrain defense in growing tissue.
Furthermore, DEL1’s impact on SA likely results from its direct
transcriptional repression of the SA transporter EDS5. DEL1 is
a conserved eukaryotic (atypical) E2F transcription factor
that binds the E2F cis-acting regulatory element (e.g., Lammens
et al., 2008; Radziejwoski et al., 2011). We found DEL1 binds
at the E2F site of the EDS5 promoter and EDS5 expression is
anticorrelated with that of DEL1 during leaf development. Lack
of EDS5 function severely limits SA synthesis, presumably
through feedback inhibition when SA is unable to be transported
out of the plastid where it is synthesized (Nawrath et al., 2002;
Serrano et al., 2013). Moreover, both eds5 and ics1 mutants
exhibit dramatic reductions in SA-dependent defense gene
expression and allow enhanced growth of (hemi-)biotrophic
pathogens (Nawrath et al., 2002; Wildermuth et al., 2001).
Interestingly, perturbation of APC/C function itself can impact
immunity (Bao et al., 2013), though a link to SAwas not explored.
It will be interesting to establish whether SA is required for this
enhanced immunity and how activated APC/C function and
SA interrelate, as both CCS52A2 and EDS5 are direct targets
of DEL1.CellIn addition to G. orontii and Pma, del1-1 mutants have also
been shown to be more resistant to UV, osmotic stress, and
root nematodes (Radziejwoski et al., 2011; Cookson et al.,
2006; de Almeida Engler et al., 2012). Both DNA damage repair
and plant defense/immune responses are known to be highly
integrated and controlled by SA (Spoel and Dong, 2012).
Moreover, ICS1, EDS5, and SA are induced in response to UV
stress (Nawrath et al., 2002). Previous work demonstrated that
DEL1 restrains UV-induced DNA damage repair responses in
2-week-old plants by repressing expression of the photolyase
repair gene PHR1 (Radziejwoski et al., 2011). Similar to our
findings with ICS1 and EDS5, DEL1 appeared to control basal
PHR1 expression, not its induction (by UV), with DEL1 expres-
sion greater in younger, actively dividing leaves. We found that
DEL1 binds the promoters of both EDS5 and PHR1 in expanding
leaves, suggesting a potential role for SA in the enhanced UV-B
resistance of del1-1. Furthermore, although reduced nematode
development/reproduction on del1-1was attributed to its impact
on cell division in syncytia/gall formation (de Almeida Engler
et al., 2012), it may also result from the upregulation of SA
defense responses, which are known to enhance resistance to
nematodes (Wubben et al., 2008).
Therefore, although the literature to date focuses on the
function of the Arabidopsis atypical E2F DEL1 as a repressor
of the endocycle in mitotically active cells, we propose that
the primary function of DEL1 is more general: to restrain (a)bi-
otic stress response in growing tissue, with its impact on the
endocycle as one component of this response. Herein, we
show that DEL1 acts through its repression of the hormone
SA to limit plant immunity. Moreover, we speculate that DEL1
may also act via SA to restrain other (a)biotic stresses including
genotoxic stress. Like DEL1, atypical mammalian E2Fs function
as repressors at the intersection of growth and stress
response. However, in contrast to DEL1, they have been
shown to promote (genotoxic) stress tolerance while restraining
proliferation (Hazar-Rethinam et al., 2011; Zalmas et al., 2008;
Carvajal et al., 2012). Given our findings with DEL1, further
investigation to ascertain whether atypical mammalian E2Fs
also modulate biotic stress tolerance and innate immunity is
warranted.EXPERIMENTAL PROCEDURES
Plant Lines, GrowthConditions, SAAnalyses, andG. orontii Infection
del1-1 (E2Fe/DEL1 KO mutant) and DEL1OE transgenic line 2 in the A. thaliana
WT Columbia-0 (Col-0) background were described previously (Vlieghe et al.,
2005). The del1-ics1 double mutant was created by crossing del1-1 with
eds16-1 aka sid2-2 and ics1-2 (Wildermuth et al., 2001) as described (Supple-
mental Information). Plants were grown in growth chambers at 22C, 70% RH,
and a 12 hr photoperiod with photosynthetically active radiation = 150 mmol/
(m2 3 s). Fully expanded mature leaves (three per plant) of four 4-week-old
plants were used for all assays unless otherwise specified. Leaf free and total
SA (free SA plus SA glucosides) extraction and quantitation by HPLC with
fluorescence detection were performed per Nobuta et al. (2007). As in Chan-
dran et al. (2009), powdery mildew infections used a moderate inoculum of
G. orontii MGH isolate with a settling tower with 4-week-old plants. Mutants
were compared to WT within the same box. Each experimental set included
all genotypes versus WT. G. orontii microscopic phenotypes were assessed
for nine leaves per genotype per experiment. For data in Figure 2, WT values
did not differ appreciably from box to box, allowing direct comparison of all
genotypes.Host & Microbe 15, 506–513, April 9, 2014 ª2014 Elsevier Inc. 511
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Three leaves were harvested at 5 dpi from infected and uninfected control
plants per sample, and total RNA was extracted using the RNeasy Plant
Mini Kit (QIAGEN, Valencia, CA). Target labeling, microarray hybridizations
to Affymetrix ATH1 arrays, and array scanning were performed by the Func-
tional Genomics Laboratory (UCBerkeley). Microarray analysis was performed
using Partek Genomics Suite (v6.6 beta, Partek Inc., St. Louis, MO). Expres-
sion values (log2) for two independent biological replicates were extracted
using robust multiarray analysis with perfect match correction and quantile
normalization. Genes with R 1.5-fold change in del1-1 versus WT samples
and p value % 0.05 were computed using a one-way ANOVA. TAIR9 gene
functional descriptions were employed. BioMaps in VirtualPlant (Katari et al.,
2010) was used to identify statistically enriched functional processes.
For RT-qPCR, first-strand cDNA synthesis used Superscript II or III Reverse
Transcriptase (RT) from Invitrogen. qPCR used SYBR Premix Ex Taq (TaKaRa)
or iTaq Universal SYBR Green Supermix (Bio-Rad) in an ABI 7300 instrument.
The ChIP assay was performed using 1.5 g of expanding leaves (leaves 6–9)
from 3-week-old A. thaliana WT or del1-1 plants as per Gendrel et al. (2005).
DEL1-specific antibodies (Lammens et al., 2008) were used with BSA-blocked
Protein A Sepharose beads (Sigma, P-3391) to immunoprecipitate the DEL1-
DNA complexes. Primer information is provided in Table S2.ACCESSION NUMBERS
Gene expression data have been deposited in the NCBI Gene Expression
Omnibus (accession number GSE40973).SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures, three tables, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.chom.2014.03.007.
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